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1. INTRODUCTION 


The study of metals in invertebrates has centered mostly around questions 
of physiological and biochemical implications, such as metal uptake, regulation, 
and subcellular distribution. Metal pathways in invertebrates have been excel- 
lently reviewed by Hopkin.' The picture of how metals are assimilated, distrib- 
uted over certain organs, bound to cellular constituents, and excreted, is becom- 
ing more and more clear.? Still, the quantitative study of dose-related adverse 
effects has received much less attention. 

For many invertebrates, especially in the terrestrial environment, even the 
most basal toxicological data (LC.,) are lacking. Only earthworms have been 
investigated to some extent, and standardized test procedures using the species 
Eisenia foetida have been proposed.? However, several toxicity studies using 
invertebrates have applied only a single dose level, or two metals, each at a 
single dose and in combination. Although these studies are useful in that they 
demonstrate that metals have an intrinsic toxicity, they ignore the fundamental 
theorem of toxicology, that is, each effect depends on the dose. Carefully de- 
signed toxicity studies, using a geometric series of exposure levels with a ratio 
smaller than ten are very rare. Yet, these types of studies are most useful when 
it comes to establishing maximum acceptable concentrations of metals in the 
environment. 

This chapter attempts to review the few toxicological data of metals in 
invertebrates, and to use these in a recently developed framework for derivation 
of soil quality criteria.* A comparison will be made between criteria for soils, 
derived from terrestrial invertebrate data, and criteria for sediments, derived 
from data on benthic invertebrates. 


ll. MECHANISMS OF INTOXICATION 


On the biochemical level, several targets for metals have been identified 
which may lead to physiological lesions. These include binding to proteins, 
binding to nucleic acids, catalysis of free radicals, and replacement of essential 
metals. However, it is often not clear which lesions are responsible for decreased 
performance, or disturbed behavior, of the intact animal. 

In some cases, changes in the internal distribution of metals may be indicative 
of intoxication. For example, Hopkin and Martin? suggested that zinc becomes 
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toxic to isopods (Oniscus asellus) when the storage capacity of the hepatopancreas 
is saturated, allowing the metal to pass to organs where it normally does not 
belong. Van Straalen et al.6 demonstrated that cadmium uptake in an oribatid 
mite (Platynothrus peltifer) was correlated with an equimolar loss of zinc. Janssen 
and Dallinger’ demonstrated that when slugs (Arion lusitanicus) were exposed 
to a high cadmium dose, cadmium in the midgut gland was not only bound to 
a MT-like protein, but was also present in high molecular weight fractions, 
possibly due to a ‘‘spillover effect”. 

Studies like these may contribute to finding physiological explanations for 
metal intoxication in invertebrates. However, the total metal burden of an animal 
does not determine its suceptibility to toxic effects. Among the animals which 
concentrate metals to a high degree, some are very resistant in terms of lethality 
(e.g., isopods). Comparing the lethal body burdens of cadmium in springtails 
and mites, Van Straalen et al. concluded that springtails die sooner than mites, 
but at a much lower internal concentration. Clearly, there is no relation between 
the bioconcentration potential of a species and its disposition to metal intoxi- 
cation. 

Metals usually have a low acute toxicity. Unlike insecticides, lesions caused 
by metals will not directly kill an animal, but will first cause physiological 
disturbances leading to decreased growth and reproduction. For metals one may 
expect the LCs, to be considerably greater than ЕС. values for sublethal criteria. 
This paper will therefore not be concerned with LC,.s, but with sublethal effects 
only, expressed as NOECs (No Observed Effect Concentrations). 


lll. TOXICITY DATA FOR SOIL AND SEDIMENT INVERTEBRATES 


Data on toxicity of metals to soil and sediment invertebrates were collected 
from the literature. Only those studies were selected from which a no observed 
effect concentration (NOEC) could be derived, using reproduction (egg-laying 
and cocoon production) as a criterion. In some cases other criteria (growth, 
consumption, and development) were considered as well, where it was clear that 
this would affect reproduction. The NOEC was taken as the highest concentration 
in soil or food causing no adverse effect, out of a series of concentrations applied 
in the experiment. The NOEC, expressed in pg/g dry mass, was either taken as 
stated by the author, or it was read from tables or figures. Some studies using 
unusual substrates (e.g., shred paper or sewage sludge), or inadequate replica- 
tion, were rejected. In a few cases details of experimental conditions were 
confirmed with the authors. 

Table 1 provides a list of the raw data for soil invertebrates, as well as some 
calculated figures to be explained later. Cadmium, copper, and lead are the most 
thoroughly investigated metals, fewer data are available for mercury, zinc, nickel, 
and chromium. Among the animals, most data concern earthworms, followed 
by slugs and springtails. Hardly any data are known for oribatid mites, although 
this is the most species-rich group of soil invertebrates. 
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Table 1. Survey of No-Effect Concentrations of Seven Metals, to Various 
Soil Invertebrates 


Metal Species NOEC L H NÓEC Ref. 
Cadmium Dendrobaena rubida 100 0 5,7 154 8 
Lumbricus rubellus 10 17 3.4 13.6 9 
Eisenia foetida 25 0 50 13.8 10 
Helix aspersa 10 0 85.5 3.64 11 
Porcellio scaber 10 0 95 3.34 12 
Orchesella cincta 56 0 95 18.7 6 
Folsomia candida 73 10 8 91.5 13 
Platynothrus peltifer 2.9 0 95 0.97 6 
Copper Dendrobaena rubida 122 ‚0 5.7 238 8 
Lumbricus rubellus 30 17 3.4 39.6 9 
Eisenia foetida 60 10 8 83.7 3 
Allolobophora caliginosa 50 0 1 115 14 
Arion ater 25 0 95 12.5 15 
Onychiurus armatus 2608 0 95 1304 16 
Platynothrus peltifer 168 0 95 84 17 
Lead Dendrobaena rubida 560 0 5.7 855 8 
Lumbricus rubellus 200 17 3.4 241 9 
Eisenia foetida 1000 0 50 850 10 
Allolobophora caliginosa 1000 0 1 1667 14 
Arion ater 1000 0 95 586 15 
Onychiurus armatus 1096 0 95 642 18 
Aiolopus thalassinus 100 0 0 170 19 
Platynothrus peltifer 431 0 95 253 17 
Zinc Eisenia foetida 1000 0 50 1120 10 
Arion ater 100 0 95 72.7 15 
Porcellio scaber 398 0 95 290 12 
Mercurcy Eisenia foetida 3.25 3 59 3.14 20 
Octochaetes pattoni 0.25 25 10 025 21 
Arion ater 10 0 95 8.30 15 
Aiolopus thalassinus 0.12 0 0 0.18 19 
Nickel Eisenia foetida 100 0 50 350 10 
Lumbricus rubellus 50 17 3.4 64.8 9 
Chromium Octochaetes pattoni 1.0 25 10 1.0 21 


Note: NOEC = no observed effect concentration (highest concentration in the experiment 
causing no adverse effect); L = lutum content (particles <2 ит) of the soil, іп w/w 
percentages; H = organic matter content of the soil, in w/w percentages; NOEC = 
NOEC adjusted to standard conditions (L = 25, H = 10), according to Equation (1) 
and Table 2. 


Variation between studies is not only due to different species being used, 
but also to the animals being tested under different conditions. Properties of the 
substrate, such as organic matter content and pH, will greatly influence the 
bioavailability of the metals and hence their toxicity. In an attempt to reduce 
some of the variation due to different substrates being used in the experiments, 
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Table 2. System of Linear Equations Relating Background 
Concentrations of Metals in Soil to Clay Content 
and Humus Content? 


Reference value for 
"standard soil" 
(L = 25, H = 10) 


Metal Equation (ug 9-') 
Cd R= 0.4 + 0.007 (L + 3H) 0.8 
Cu R=15 +0.6(L + Н) 36 

Pb R=50 +L+H 85 

Zn R=50 + 1.5 (21 + Н) 140 

Hg R = 0.2 + 0.0017 (2L + H) 0.3 
Ni R=10 +L 35 

Cr R=50 +2L 100 


Note: R = background concentration in ро g^ (reference value); 
L = lutum content of soil (w/w %); H = organic matter 
content of soil (w/w 96). 


we adopted the system of reference values as it is used in the Netherlands to 
adjust for soil factors. 

In this system, background levels of metals in uncontaminated soils were 
related to the clay content of the soil and its humus content. Sandy soils with 
little humus tend to have lower metal concentrations than clayey, peaty soils; 
criteria for clean soils were qualified accordingly. The qualification takes the 
form of a metal-specific linear equation between the reference value, the lutum 
content (L), and the organic matter content (H) of the soil. Table 2 lists the 
equations.” [t can be seen, for example, that for cadmium the influence of L 
and H is not so great (coefficient — 0.007), while for copper the influence is 
much stronger (coefficient — 0.6). This more or less reflects the stronger ad- 
sorption of copper to soil, compared to cadmium. 

The data in Table 1 were adjusted for differences in substrates between 
studies by means of the equations from Table 2, in the following way: 


x R(25, 10) 

NOEC - NOEC (L, H) RL B 

where: NÔEC = no observed effect concentration adjusted to 
"'standard conditions"', i.e., 25% clay and 10% 
humus; 

no observed effect concentration as taken from the 
experiment using a substrate with L% clay and H% 
humus; 

reference value for ‘‘standard soil’’, derived from 
Table 2 using L = 25 and H = 10; and 


NOEC (L, H) 


R (25, 10) 
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R (L, H) = reference value associated with the experimental 
conditions (L, H). 


For most of the studies cited in Table 1, clay contents and organic matter 
contents of the soils used could be derived from the descriptions given in the 
papers; in a few cases an educated guess had to be made. Several experiments, 
however, did not use contaminated soil, but used contaminated food with an 
inert substrate (e.g., plaster). To allow a comparison with soil, it was assumed 
that food could be equated to a soil with 95% organic matter and no clay. In 
this way the concentrations for soil are lower than the corresponding ones for 
food; this reflects the fact that saprotrophs feeding on soil organic matter are 
exposed to a higher concentration than the average concentration for the total 
soil, since metals are concentrated in soil organic matter. 

This system of normalization does not pretend to be the final answer. It is 
one of the possible ways to correct for the influence of soil factors on metal 
toxicity. Another important soil factor, pH, is not taken into account here. For 
sediments, metal concentrations may be normalized on the basis of the acid- 
volatile sulfide content.” Further research is needed to better quantify the re- 
lations between toxicity and soil characteristics. 

For benthic invertebrates a similar exercise was done. Only those studies 
were selected where metals were applied to a sediment and concentrations could 
be expressed as ug в! dry mass of sediment. This is not to mean that animals 
directly ingest sediment, or are exposed via the sediment only: many benthic 
invertebrates take up metals from the pore water.?* 

For nonionic organic chemicals, sediment quality criteria can be derived 
from aquatic toxicity experiments by assuming that the partitioning of the chem- 
ical between sediment organic carbon and pore water is at equilibrium.” For 
metals, however, relations between pore water and sediment are extremely com- 
plex and depend on a range of sediment characteristics.* For the purpose of the 
present paper, it was decided to include only those studies reporting NOEC 
values expressed per unit of sediment. 

When the clay and humus contents of the experimental sediments were not 
given in the literature, it was assumed that H = 4% and L = 3.5%, which are 
the figures for the sediment used by Hooftman and Adema.” The raw data, as 
well as the adjusted NOECs are given in Table 3. Among benthic invertebrates, 
chironomid larvae are most widely investigated. Many other animals are used 
in aquatic toxicity experiments, but these data are not considered here, as ex- 
plained above. 

For cadmium, lead, and copper the data allow some statistical treatment, 
for the other metals the data are too limited to draw concrete conclusions. Since 
response curves in toxicology are usually expressed on a logarithmic concentra- 
tion scale, it is relevant to calculate geometric means, instead of arithmetic 
means. This is presented in Table 4. 
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Table 3. Survey of No-Effect Concentrations of Three Metals in 


Sediments, to Benthic Invertebrates 
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NOEC NÓEC 
Metal Species (дд) L H (ug 9-') Ref. 
Cadmium Аһерохупіиѕ abronius 3.5 35 4 5.51 28 
Chironomus tentans 32 3.5 4 50.3 27 
Chironomus riparius 32 35 4 50.3 27 
Chironomus plumosus 100 35 4 157 27 
Copper Protothaca staminea 4.1 0 0.09 9.8 29 
Gammarus lacustris 488 35 3 930 30 
Hyaella azteca 875 35 3 1670 30 
Chironomus tentans 100 35 4 185 27 
Chironomus riparius 1000 35 4 1846 27 
Chironomus plumosus 100 35 4 185 27 
Chironomus decorus 750 0 95 375 31 
Mercury Chironomus tentans 100 35 4 137 27 
Chironomus riparius 3200 35 4 4390 27 
Chironomus plumosus 3200 3. 4 4390 27 


Note: NOEC - no observed effect concentration (highest concentration in the 
experiment causing no adverse effect); L = lutum content (particles <2 шт) 
of the sediment, in w/w percentages; H — organic matter content of the 
sediment, in w/w percentages; NOEC = NOEC adjusted to standard con- 
ditions (L — 25, H — 10), according to Equation (1) and Table 2. 


Table 4. Summary Statistics for Toxicity Data of 
Metals to Soil and Sediment Invertebrates 


NOEC NOEC 
Xs Sin (ug 9-) (mmol g`’) 

Soil 

Cd 2.523 1.701 12.5 0.111 

Cu 4.637 1.449 103 1.63 

Pb 6.238 0.780 512 2.47 
Sediment 

Cd 3.650 1.402 38.5 0.342 

Cu 5.775 1.813 322 5.07 


Note: x,, = mean of In (NÓEC) in Tables 1 and 3; s,, = 
standard deviation of In (NÓEO); NOEC = mean no 
effect concentration after back-transformation to the 
original scale: NOEC = exp (x,,). 
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When the atomic masses of the metals are taken into account, cadmium, on 
the average, is 15 times more toxic than copper and 22 times more toxic than 
lead, in the case of soil invertebrates. For sediments, cadmium likewise appears 
to be 15 times more toxic than copper (Table 4). 

The variability among species seems to be smallest for the least toxic metal, 
lead. Earthworms and snails are very sensitive to copper, but springtails are very 
insensitive. Oribatid mites are extremely sensitive to cadmium, but earthworms 
are rather insensitive to this metal. For lead such differences are less clear, all 
species reacting more or less within the same order or magnitude. This could 
indicate that the physiological lesions caused by lead are common to all inver- 
tebrates, while the receptors for cadmium and copper are different for each 
species. 

Comparing soil and sediment invertebrates, the average NOECs are higher 
for the latter group. This may relate to a lower bioavailability of metals in 
sediments, compared to soils, e.g., due to the precipitation of sulfides.” Es- 
pecially in the case of mercury, toxicity in sediments seems to be considerably 
lower than toxicity in soils (compare Tables 1 and 3); this correlates with the 
extremely low solubility product of mercury sulfide. For cadmium and copper, 
the difference between soils and sediment is not so large, and actually appears 
to be statistically nonsignificant when a t-test for comparison of means is applied 
(Table 4). 


IV. DERIVATION OF MAXIMUM ACCEPTABLE CONCENTRATIONS 


The data in Tables 1 and 3 suggest that, for each metal, NOEC values are 
dispersed according to a frequency distribution, with both very sensitive and 
very insensitive species being relatively rare. Although the data do not allow a 
precise determination of the frequency function, one may assume a symmetric 
distribution on a logarithmic scale, such as the lognormal, or the loglogistic. 
This assumption is confirmed when tested on more extensive data sets.?^?? The 
loglogistic distribution, as elaborated in Kooijman’? hardly differs from the 
lognormal distribution.** From a mathematical point of view, the log logistic 
distribution is simpler since it can be integrated analytically, while the log normal 
distribution cannot. 

Assuming a loglogistic frequency distribution of sensitivities, Van Straalen 
and Denneman* proposed to consider a quantity called HCp, that is: hazardous 
concentration for p% of the species. HCp is to be interpreted as a concentration 
in the environment such that, at most p% of the species in that environment has 
an NOEC smaller than HCp. Following Kooijman,? the estimate for HCp in- 
cludes an uncertainty margin due to the fact that only a limited sample of species 
is used to estimate the frequency distribution of sensitivities. 

A detailed account of the theory is given in Kooijman,** Van Straalen and 
Denneman,* and Van Straalen.” Recently, the way to estimate the uncertainty 
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Table 5. Values for the Factor d,, in 
Equation (2), For Various m 
(= nr. of Species Tested) 


d, m d. 


3.72 11 2.56 
3.40 12 2.53 
3.22 13 2.51 
3.06 14 2.50 
2.93 15 2.49 
2.82 20 2.44 
2.72 30 2.30 
2.65 oo 1.814 
10 2.59 = = 


From Kooijman, S. A. L. M., Water Res., 21, 
269, 1987. With permission. 


© соосу) от обого а 


margin has been refined by Aldenberg and Slob? and Wagner and Lgkke.?* 
According to their arguments, the confidence interval for HCp should be larger 
than is assumed in Van Straalen and Denneman,* based on Kooijman.*? These 
statistical arguments will have to be settled by further development of the theory. 
For the purpose of the present paper; the original approach in Van Straalen and 
Denneman* will suffice. 

According to the log logistic distribution, HCp is given by: 


HCp = exp (x, — Sm dm Kp) (2) 


where: x,,= mean of m NÓEC-data, each transformed to natural 
logarithms, 
Sm= standard deviation of the m In (NÓEC), 
d, = a factor depending on the sample size m, given in Table 5, 
k,= a factor depending on the percentage of unprotected species p, 
given in Table 6. 


The estimated HCp decreases with decreasing mean NÓEC, with increasing 
standard deviation of NÓEC, with decreasing number of tested species (see Table 
5), and with decreasing p (percentage of species with NÓEC « HCp). The 
accepted value for p in the Dutch environmental policy is 5%; accordingly, HCp 
is called HC5. 

Application of the approach requires a reasonable set of data, preferably 
more than five species. If m <5, then the influence of the uncertainty margin 
becomes increasingly large. Another condition for applying Equation 2 is that 
the available toxicity data (Tables 1 and 3) can be considered as a representative 
sample from the community of invertebrates. This is of course very doubtful, 
since the taxonomic diversity is rather limited. Criteria for *'representativeness'" 
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Table 6. Values for the Factor k, in 
Equation (2), For Various 
Values of p (= Percentage 
of Species With NOEC 
Smaller Than HCp) 


p (%) k, 


10 0.668 
5 0.895 
1 1.397 

0.1 2.099 


Table 7. Estimated Hazardous Concentrations for 
5% of Soil and Sediment Invertebrates, 
Calculated According to Equation (2) 


___НС5 (ы9 9) _ ЕС guide value 


Element Soil Sediment (ug 977) 
Cadmium 0.20 0.68 1.0 
Copper 2.66 3.32 50 
Lead 76.6 = 50 


have to be developed further. Yet, as this situation will not improve soon, it is 
illustrative to apply the model using the best of present data. 

Table 7 provides some НС5 values, calculated according to Equation 2, 
using Tables 4, 5, and 6. HC5 is compared with the EC guide values. It is 
interesting to note that the HCS estimates for soil and sediment do not differ too 
much, in the case of cadmium and copper. There is no reason to believe that 
quality criteria derived for soil would not be valid for sediments as well. This 
is an important conclusion in the context of environmental policy, which, at least 
in the Netherlands, tends to keep to a single list of criteria for both soils and 
sediments. This facilitates the evaluation of dredged material, temporarily 
inundated soils, marshes, etc. 

The HCS values for cadmium are in the background range?" and do not 
differ much from the EC value. For copper, HCS is rather low, and would be 
too low from the viewpoint of plant nutrition. This indicates the fact that the 
**window of essentiality’’, in the sense of Hopkin,' will not be the same for 
every species: there may be concentrations of copper in soil that are deficient 
to some species, but are mildly toxic to other, very sensitive species. The HC5 
for copper is especially influenced by the sensitivity of both earthworms and 
molluscs for this element. 

The НС5 for lead is somewhat above the EC value. Apparently, soil 
invertebrates are not particularly susceptible to this element. Concentrations 
higher than the HC5 are very common in urban areas (see Dallinger et al.?"). 
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V. DISCUSSION 


The role of invertebrate ecotoxicology for providing a framework for setting 
environmental standards so far has been rather limited. As this chapter has shown, 
this is mainly due to a lack of adequate toxicological data. Many studies cited 
in Tables 1 and 3 were not designed for estimating NOECs; variability in the 
data is not only due to different species being investigated, but also due to 
variation in experimental conditions, bioavailability of the metal, etc. Instead 
of correcting for these differences, as was attempted in this paper, it may be 
better to standardize the toxicity tests themselves, especially with respect to the 
substrates used. A promising development is the availability of reproduction 
toxicity tests using earthworms and springtails exposed in *'artificial soil", а 
substrate with a reproducible composition.?:!?:* 

The influence of scientific progress in test results is illustrated by comparing 
the presently established HCS values with those given in Van Straalen.” When 
the recently reported data for Folsomia candida" and Aiolopus thalassinus'? 
were added, HC5 for cadmium increased from 0.16 to 0.20 pg g^', while HC5 
for lead decreased from 112 to 77 pg g^ '. This is a result of both the new data 
(F. candida is relatively insensitive to cadmium, while A. thalassinus is rather 
sensitive to lead), and the decrease of the uncertainty margin. 

Another way to improve the role of ecotoxicology in contributing to envi- 
ronmental regulation is to better develop ecotoxicology itself. There are three 
issues at stake here, that require some consideration. 

In the first place, the relation between metal kinetics and metal dynamics 
is still not very clear. To predict toxicities and modes of action it is not only 
sufficient to know the kinetics of the metal and the internal distribution, but also 
the physiological processes that are susceptible to disturbance by metals.?? Uptake 
and excretion efficiencies vary considerably between various invertebrate groups;*° 
a high body burden may be the result of either a low excretion efficiency or a 
high assimilation efficiency, with no apparent relation between the two. To 
understand the dynamic action of metals, the behavior of the metal should be 
approached as a rate process, not as a static distribution. 

Secondly, metals in the environment elicit a much more complex response 
than can be studied in laboratory toxicity tests. One point in particular is the 
effect of interactions between species that may be critical in the field. For 
example, Tranvik and Eijsackers*' demonstrated that metal pollution changed 
the feeding preference of Collembola grazing on fungi. Van Wensem et al.‘ 
showed that an organotin pesticide affected detritivore-microbial activity more 
than microbial activity alone. To better understand the role of ecological inter- 
actions in toxicological responses, a more fundamental approach is needed, and 
soil microecosystems may be useful instruments.*? 

In the third place, selection for the most tolerant genotypes will be a con- 
tinuous process in the field, and will invalidate predictions from simple tests. 
The evidence for the presence of genetic variation for metal tolerance in natural 
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populations is restricted to a few examples.***° These studies demonstrate that, 
under intense selection at mining sites, or at sites under heavy industrial influ- 
ence, both sediment and soil invertebrates will develop tolerant populations. The 
consequences of resistance, and the underlying physiological mechanisms de- 
serve further study. 

Metal ecotoxicology using invertebrates has developed into an extensive 
field of research. Although dose-response relations are still limited, a framework 
for applying results in environmental legislation is already available. To further 
strengthen the position of the field, fundamental issues require more attention. 


VI. ABSTRACT 


Quantitative dose-response relations provide the basis for establishing en- 
vironmental quality criteria. For metal toxicity to soil invertebrates, only few 
data are available. This chapter reviews these data and applies a recently de- 
veloped model to arrive at maximum acceptable concentrations of metals in soils. 
These concentrations, expressed as ‘‘hazardous concentrations for 5% of the 
species'' (HC5), are estimated as 0.20 pg g^! for Cd, 2.7 pg g^! for Cu, and 
77 ug g^! for Pb. For Zn, Hg, Ni, and Cr the data set is too limited to derive 
criteria. Preliminary НС5 values are also established for sediments, based on 
benthic invertebrate toxicity data. There seems to be no systematic difference 
between criteria derived for soils and sediments, in the case of Cd and Cu. The 
HCS values for Cd and Cu are below the EC guide values, while HC5 for Pb 
is somewhat higher. The role of invertebrate ecotoxicology for providing a 
framework for setting environmental standards is discussed, emphasizing the 
need for standardization of soil toxicity tests, for more comparative toxicity data, 
and for a better understanding of ecological responses to metal pollution. 
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